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Abstract 
For direct particle absorption CSP-plants heat exchanger between particles and the working fluid of the power cycle are needed. 
A fluidized-bed heat-exchanger design operating close to the minimum fluidization condition is proposed in this work. Its basic 
design and core components are explained. For illustrating the performance of this fluidized-bed heat-exchanger its application as 
evaporator and superheater in sub- and supercritical cycle are presented. Therefore overall design parameters of all heat 
exchangers and a detailed process flow diagram including all major components are shown. 
The particle mean diameter is varied to illustrate its significance to auxiliary power consumption.  
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1. Introduction  
For direct particle absorption CSP-plants with particles as primary heat transfer media, efficient heat-exchangers 
(steam generator, superheater, reheater) are needed for transferring the energy stored within the particles into the 
working fluid of a power cycle (e.g.: Rankine, Brayton) for electrical energy conversion. High temperature particle 
receiver development groups (for example the research-consortia led by German DLR and the ones led by US 
Sandia National Labs) claim that their particle absorption receiver designs [1-3] can heat up particles over 1000 °C.      
 
 
* Corresponding author. Tel.: +43-1-58801-302330; fax: +43-1-58801-302399 
E-mail address: karl.schwaiger@tuwien.ac.at 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SolarPACES 2014 under responsibility of PSE AG
1422   K. Schwaiger et al. /  Energy Procedia  69 ( 2015 )  1421 – 1430 
Cold particles are lifted up from a cold storage hopper to the particle receiver on top of a solar tower, where they are 
heated up via concentrated solar radiation (direct heat absorption). Once being heated, particles are stored in an 
insulated tank (hot storage hopper). By demand the hot storage hopper is discharged; hot particles are conveyed to 
the heat-exchangers (steam generator, superheater, reheater), where the working fluid of the power cycle is heated up 
by the particles. The cold particles exiting these heat-exchangers are again stored in the cold storage hopper to close 
the circuit of the direct storage concept. Thus, power and capacity as well as production and consumption are 
decoupled, creating an attractive concept in terms of flexibility to adapt to actual demands of the electrical grid. 
Furthermore low cost storage media are used as primary heat transfer media at high temperatures, enabling high 
specific energy densities. These facts promise economical feasibility of this concept. 
 For a breakthrough of this concept efficient heat-exchangers are crucial for transferring the internal energy stored 
in the hot particles to a working fluid at large scale; thus being able to handle hot particles at large quantities and 
thereby guaranteeing a stable and flexible operation of the power cycle. 
The fluidized-bed heat-exchanger being developed by the authors addresses all the requirements for its 
application in the above sketched power conversion cycle. The well proven fluidization technique has been 
improved by the authors via the development of a special passive self-stabilizing nozzle-distributor-floor concept 
and a particle flow enhancing/controlling mechanism (two patents within the filing process). This fluidized-bed 
technology is able to transport any particle suspension (fine and medium coarse particle distributions) through a heat 
exchanger with a heat exchanger length of up to some 100 m at lowest realizable fluidization efforts. It can either be 
realized in a counter-current-flow arrangement or a circulation evaporator (natural and forced convection) design.   
A full experimental validation in a hot 200 kWth pilot plant is scheduled for spring 2015. Crucial components and 
phenomena have been investigated with cold flow models, which allowed validating the describing models. 
Especially the design of the nozzle-distributor-floor, the particle flow enhancing/controlling mechanism and the 
particle flow of dense suspensions in general has been researched thoroughly by the authors [4, 5].   
All known physical effects have been introduced and concentrated into a design and performance evaluation tool; 
some sub-models have been validated via cold flow models and some sub-models rely on correlation taken from the 
scientific literature (e.g.: Nusselt-correlations). This evaluation tool, written in a commercial high level programming 
language, is able to show the potential of this concept being applied in conjunction with a particle receiver in a direct 
storage cycle. This paper presents the steady-state behavior and overall dimensions of the heat-exchanger between 
the particles used as primary heat transfer fluid and the working fluid of the power cycle of a 170 MWth subcritical 
plant and a 250 MWth supercritical plant. Process flow sheets including all major components of the fluidized-bed 
heat-exchanger are shown and potential performance data are summarized. Special emphasis is given to the 
influence of the used particle size, since for fluidization smaller particle are favored, whereas for particle receivers 
the trends seems to move to larger particles.  
 
Nomenclature 
m mass  
ሶ݉  mass flow 
T  temperature 
p pressure 
ǻS pressure difference 
cp isobaric thermal heat capacity 
u velocity 
A area 
ȡ density 
ț isentropic coefficient 
k heat transfer coefficient 
P power 
wt specific technical work 
d diameter 
n amount of/number 
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ሶܹ  heat capacity flow 
ሶܳ  heat flow 
Ș isentropic efficiency 
t fluidization grade 
 
Subscripts 
stp  storage powder 
htf  heat transfer fluid (in this work same as working fluid of power cycle)  
fg  fluidization gas 
mf  minimum fluidization condition 
HEX  heat exchanger 
2. Heat-Exchanger-Technology: “sandTES Active Fluidization Heat-Exchanger” 
2.1. Overall design and technology 
The principle design of a sandTES fluidized-bed heat-exchanger is shown in Fig 1. A detailed description of the 
fluidization technique and the function of a sandTES fluidized-bed heat-exchanger can be found in [4]. In this work 
only a summary of the technology and key innovations of the authors is delivered. 
The main components of a functional section are: the windbox, the nozzle-distributor floor, casing containing the 
fluidized bed, the tube bundle (=tube bundle heat exchanger), the air-cushions, the mixbox and auxiliary devices 
(which can be shared by more sections). For the evaporator one functional section is drawn, for the counter-current 
heat-exchanger two functional sections are shown. For the evaporator which can be realized in natural, assisted or 
forced circulation design, several functional sections are combined parallel and for the counter-current heat 
exchanger they are connected in a series. Fluidized-bed heat-exchangers can be easily up scaled to some 100 MWel 
and contain no moveable parts. This makes it a very robust and scalable technology. 
Figure 1: principle design of a sandTES fluidized-bed heat-exchanger; a) circulation evaporator, b) counter-current heat-exchanger 
 
In the following the key innvoations of the authors are roughly sketchted. Due to the pending patents situation 
details can not be mentioned in this work. Interested readers are kindly requested to contact the authors for further 
information. 
 
sandTES-Nozzle-Distributor-Floor: 
One of the most crucial components of a sandTES fluidized-bed heat-exchanger sections is the nozzle-distributor 
floor. It has to distribute the air flow very evenly in order to be able to fluidize fine particle bulks close to the 
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minimum fluidizaton conditions and guarantee a good flow behavior of the particle suspensions. Ideally the entire 
basis area should be wetted. Beyond distributing the fluidization gas it also has to stabilize the pressure differences 
of the fluidized bed in order to distribute the fluidization gas flow equally. 
Significant pressure differences occur in the fluidized bed due to flow resistance of the particle flow; 
backpressure increases the bed height against the flow direction of the particle supension. The pressure loss of the 
bed is directly proportionate to the bed heigth causing significant differences of the pressure loss of the bed between 
one end of a section and the other end. 
The sandTES-Nozzle-Distributor floor works passively; it is a self-stabilizing system, with no moveable parts. 
 
sandTES-Air-Cushions: 
By an increase of the bed height against the particle flow direction an axial pressure gradient is formed. This 
axial pressure gradient is the driving force enabling the particle flow. The increase of the bed level is an unwanted 
effect, since also bed inventory is increased and the heat-exchanger has to be higher than necessary.  
For overcoming this, a mechanism called “sandTES-AirCushions” has been developed. The increasing height 
differences in regard to the lowest bed level are substituted via the overpressure air chambers; enabling to control 
locally the bed level and the pressure gradient driving the particle flow. The overall working principle of a 
“sandTES-Air-Cushion” is similar to the one of a diving bell. 
The pressure within these „sandTES-Air-Cushions“ has to be controlled, but no additional effort is needed for 
creating a „over pressure air bubbles/sandTES-Air-Cushions“. 
2.2. Accounting the performance   
A fluidized-bed heat-exchanger is a multiple flow heat exchangers where at least 3 heat exchanging flows are 
involved: the particle flow, the flow of the working fluid and the flow of the fluidization gas. In case the particle 
flow is the hottest flow (what is locally not always the case), the internal energy is transformed from the particles to 
the primary working fluid but also to the fluidization gas. The released (sensible) thermal energy from the particles 
is defined via eq. (1): 
 outstpinstppstpstp TTcmQ stp ,,            (1) 
The net heat flow transferred from the particles to the working fluid can be formally written as shown in eq.  (2), but 
all heat flows are strongly coupled, what has to be considered when calculating them. 
mHEXhtf TAkQ '            (2) 
Fluidization auxiliary power can be estimated via the following eq. (3-5). The pressure loss consists of the pressure 
loss enabling the fluidization, of the nozzle-distributor-floor and of the recuperator or other auxiliary devices. 
tfgblower wmP              (3) 
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The net enthalpy flow exiting the fluidized-bed heat-exchanger results from (6): 
)( ,inblowerexhaustpfgexhaust TTcmQ           (6) 
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3. Subcritical 170 MWth sandTES design  
3.1. Plant layout 
For this work only the high pressure steam generator is investigated; thus the high pressure heat-exchangers 
(circulation-evaporator and superheater). The reheater will be added in later works. From the viewpoint of the 
particle flows evaporator and superheater are connected in parallel, so both heat-exchangers are fed directly from the 
hot hopper and cool down the particles to the cold storage temperature.  
The steam generator (evaporator and superheater) is designed for a thermal power of 170 MWth. For the storage 
powder silica sand with a mean diameter of 250ǜ10-6 m is considered. Steam parameters of a temperature of 500 °C 
at a pressure of 150 bar are chosen (higher temperatures are possible). A hot storage temperature of 800 °C and cold 
storage temperature of 400 °C is assumed. The overall plant layout is sketched in Fig 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: layout of steam generators for a subcritical plant 
3.2. Design of the evaporator 
The evaporator can be operated in natural, assisted or in forced convection; in this work a water/steam mass flux 
density theoretically feasible for a natural convection evaporator is chosen. The evaporator consists of 3 functional 
sections, as shown in 2.1. The tube bundle of each section has four passes over the height. The top view of the 
fluidized-bed evaporator and a cut through the tube bundle of one functional section are sketched (automated sketch 
created by the numerical design evaluation tool) in Fig 3. The colors and their brightness in the sketch created by the 
design tool indicate the detailed design of the nozzle-distributor-floor, which are of minor interest for this work. In 
the top view only the tube bundle of the first section is illustrated. Overall design data are summarized in Table 1. 
The drum of the evaporator is fed with 300 °C feed water; being about 42 °C sub cooled (Tsat=342 °C).   
 
 
 
 
 
 
 
 
 
 
Figure 3: design sketch of evaporator 
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Table 1: Design parameter evaporator 
Overall Tube Tube-bundle (per section) 
Abase 27.3  m2 douter 33.7 mm  horizontal vertical 
AHEX 1168 m2 ntubes 276  - ntubes 11/12 - (4x)8 - 
pathstp 10     m   Pitch 2 *douter 2 *douter 
pathhtf 40     m   npasses 1 - 4 - 
3.3. Design of the superheater 
The superheater is realized as counter-current flow heat exchanger, consisting of 2 functional sections in a series. 
The sand mass flow of the superheater is chosen to reach a similar sand outlet temperature as the evaporator, for 
avoiding temperature differences in the cold hopper. Saturated steam coming from the evaporator is entering the 
tube bundle. The overall design parameters are shown in Table 2 and the sketch of the heat-exchanger in Fig 4. 
Figure 4: Sketch of superheater 
Table 2. Design parameter superheater. 
Overall Tube Tube-bundle (per section) 
Abase 27.1 m2 douter 40.0 mm  horizontal vertical 
AHEX 909  m2 ntubes 300  - ntubes 12/13 - 24  - 
pathstp/htf 24.1 m   pitch 2 *douter 2.5 *douter 
 
3.4. Performance data 
The results of a heat-exchanger calculation (including all auxiliary devices) done with the evaluation tool are 
summarized in an automated process flow diagram, including the thermodynamic properties of all major flows and 
graphs delivering the most crucial information about the temperature courses, the fluidization grade, heat transfer 
coefficient and in case of the evaporator the heat flux distribution of the tube bundle.  
In Fig 5 the process flow diagram of the evaporator and in Fig 6 the one of the superheater is shown for the 
steady state design point, for silica sand with a mean diameter of 250ǜ10-6 m. In Table 3 crucial performance data are 
summarized for evaluating the application of fluidized heat exchanger in CSP plant. The same plant has been 
recalculated applying once smaller and larger particles (only components sensitive to the used particle size have 
been adapted (e.g.: nozzle-distributor-floor) in order to illustrate the influence of particle diameter.  
 K. Schwaiger et al. /  Energy Procedia  69 ( 2015 )  1421 – 1430 1427
 
Figure 5: Process flow diagram evaporator 
 
 
 
 
 
 
 
 
 
 
Figure 6: Process flow diagram superheater 
 Table 3: Performance data of plant (excl. reheater) 
Particle size  Q°stp Q°htf Pblower Q°exhaust 
100ǜ10-6 m Evaporator 117.874 MWth 117.859 MWth 4.7 kWel 18.2 kWth 
 Superheater 63.539 MWth 63.493 MWth 4.8 kWel 15.4 kWth 
250ǜ10-6 m*) Evaporator 110.008 MWth 109.990 MWth 27.7 kWel 121.5 kWth 
 Superheater 59.281 MWth 59.211 MWth 29.0 kWel 117.8 kWth 
500ǜ10-6 m Evaporator 102.258 MWth 102.232 MWth 104.1 kWel 439.1 kWth 
 Superheater 55.174 MWth 55.066 MWth 110.4 kWel 464.5 kWth 
*) Design point     
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4. Supercritical 250 MWth sandTES Design 
4.1. Plant layout 
As in the example of the subcritical plant all heat-exchangers (steam generator and reheater) are connected in 
parallel from the viewpoint of the particle flows. 
Silica sand is again applied as primary heat transfer medium with a mean particle diameter of 250ǜ10-6 m. Steam 
parameters of a temperature of 500 °C at a pressure of 250 bar are chosen (higher temperatures are easily possible). 
The hot storage temperature is assumed to be 800 °C and the cold one 400 °C. 
Figure 7: Supercritical plant layout 
4.2. Design steam generator 
The heat-exchanger design for a supercritical steam generator is at 100% load a “classical” sensible-sensible 
counter current flow heat-exchanger; consisting of 4 functional sections in a series. In case of part load in sliding 
pressure operation, a water/steam separator has to be foreseen.  
In Fig 8 the sketch of the heat exchanger and in Table 4 the overall design parameter are shown. From the tube 
bundle spacing (pitch) can be seen that heat capacity flow of supercritical steam is very high and that a larger cross 
section for the sand flow is required compared to the subcritical plant.  
Figure 8: Sketch of steam generator 
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Table 4: Design parameter steam generator 
Overall Tube Tube-bundle (per section) 
Abase 115   m2 douter 33.7 mm  horizontal vertical 
AHEX 2597 m2 ntubes 392  - ntubes 24/25 - 16  - 
pathstp/htf 64.3  m   pitch 2 *douter 6 *douter 
 
4.3. Process flow steam generator 
In Fig 9, the for the supercritical steam generator calculated process flow diagram is shown for the steady state 
design point applying silica sand with mean particle diameter of 250ǜ10-6 m. In Table 5 the for a fluidized bed heat 
exchanger performance data are shown, again as for the subcritical plant the supercritical steam generator has been 
recalculated for smaller and larger particles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: Process flow diagram steam generator 
 
Table 5: Performance Data Steam Generator 
Particle size Q°stp Q°htf Pblower Q°exhaust 
100ǜ10-6 m 245.687 MWth 245.254 MWth 32.8 kWel 87.1 kWth 
250ǜ10-6 m 243.434 MWth 243.117 MWth 211.0 kWel 651.8 kWth 
500ǜ10-6 m 241.286 MWth 241.057 MWth 835.1 kWel 2444.5 kWth 
*) Design Point     
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5. Discussion of results 
The aim of this work is to present to suitability and high efficiency of fluidized-bed heat-exchanger for direct 
particle absorption plants. Auxiliary power needed for transporting the particles through the heat-exchanger has to 
be minimized. In Table 3 and 5 the blower power (=needed auxiliary power enabling the fluidization) is shown for 
WKH DERYH LQWURGXFHG VXEFULWLFDO DQG VXSHUFULWLFDO VWHDPJHQHUDWRU IRU WKUHHGLIIHUHQW SDUWLFOH GLDPHWHUV ǜ-6, 
ǜ-6 DQGǜ-6 m). Blower power is dependent by the power of 1.8-2.0 of the particle diameter, thus fluidized 
bed heat exchanger are the more efficient the smaller the applied particles are. From Table 3 and 5 can be won that 
HYHQIRUODUJHUSDUWLFOHVǜ-6 m) blower power is below 1 percent of the electrical power of the plant. 
In the process flow diagrams of the presented plants (Fig 5, 6 and 9) is shown, that all heat-exchangers are 
operated close to the minimum fluidization conditions; thus the fluidization grade is always in between 3 to 5. The 
local variation is caused by the stabilization effect of the nozzle-distributor-floor design and by the temperature 
gradient of the particles in the heat-exchanger. By comparing the needed fluidization air mass flows of all 
windboxes it becomes clear that at higher temperature less fluidization air is needed for enabling the particle 
transport. This is due to the density dependency of air by the temperature.  
All heat-exchangers and processes are designed for keeping costs low; thus auxiliary power and heat-exchangers 
size are minimized. For minimizing the needed heat-transfer area the temperature difference of particles and heat 
transfer fluid of the power cycle are rather large. This reduces the maximum feasible exergetic efficiency, but 
exergetic efficiency is not related to costs. 
6. Conclusion 
Direct particle absorption plants offer a direct storage cycle and high pressures and temperatures of superheating 
steam thus increasing overall plant efficiency. Fluidized-bed heat-exchangers can be used efficiently for transferring 
the internal energy stored in the hot particles to the working fluid of the power island, as long as the particle 
diameter is chosen adequately.  
Fluidized-bed heat-exchangers are a robust technology with no moveable parts. They can be operated very 
flexibly and easily up scaled to few hundred 100 MWel. Erosion issues known from combustion plants can be 
avoided by realizing low particle diameters and fluidization grades. Maybe this work gives an incentive to 
developers of direct absorption receivers to develop their technology for the applicability of small particles in the 
range of 250ǜ10-6 m or smaller. 
Acknowledgements 
Investigating a new storage concept, in times where R&D budgets are small, is not possible without a motivated 
team, overcoming the economic limitations via extraordinary engagement and smart ideas. We want to express our 
warm appreciation to everyone involved in the sandTES project at the Technical University of Vienna, especially 
the master and bachelor students doing the experimental work. 
References 
[1] Chen, H., Y. Chen, H.T. Hsieh, and N. Siegel, 2007, CFD modeling of gas particle flow within a solid particle solar receiver, Proceedings of 
the ASME International Solar Energy Conference, p. 37-48. 
[2]  Ho, C.K., S.S. Khalsa, and N.P. Siegel, 2009, Modeling on-Sun Tests of a Prototype Solid Particle Receiver for Concentrating Solar Power 
Processes and Storage, in ES2009: Proceedings of the ASME 3rd International Conference on Energy Sustainability, Vol. 2, San Francisco, 
CA 
[3] W Wu, B Gobereit, Cs Singer, L Amsbeck and R Pitz-Paal: “Direct Absorption receivers for high Temperatures“, Solarpaces 2012, 
Marrakesh 2012 
[4] K. Schwaiger et al.:”sandTES – an Active Thermal Energy Storage System Storing High Temperature Heat in Low Cost Powders”, 
Solarpaces conference 2013 
[5]  K. Schwaiger, M. Haider, H. Walter, M. Puigpinos, A. Proetsch: „SeLaTES: Thermal Storage of Superheated Steam“, Solarpaces conference 
2012, Marrakesh 
